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Designing soft robotic components is a novel problem that traditional de-
sign methods may not be equipped to solve. Generative design approaches in 
conjunction with accurate FEM modelling is presented as a potential method 
of obtaining interesting and unique soft robotic actuator designs.
A review is done of soft robotics, computationally modelling non-linear 
materials, generative design methods, and applicable mathematical concepts. 
Based on the review, a methodology is developed for the design of soft robotic 
actuators.
A software pipeline is constructed for the exploration of a 2D design space. 
Pattern generating methods including Lindenmayer systems and CPPNs are 
used to formulate internal geometries of actuator components. Generative 
design approaches including Monte Carlo simulations and evolutionary algo-
rithms are used to generate and evaluate large populations of actuator units. 
FEM is used to accurately model and simulate unit properties and behaviours. 
Objective functions are dened to evaluate unit performances.
Results are found to indicate the validity of the design methodology. Phys-
ical models representative of successful simulated models are cast with a mod-
ular mould. These models are tested and compared to simulated results. FEM 





'n Skaal-Onafhanklike Generatiewe Ontwerpproses vir
2D Sagte Robotaktore




Die ontwerp van sagte robotkomponente is 'n nuwe probleem wat nie nood-
wendig opgelos kan word deur tradisionele ontwerpmetodes nie. Generatiewe
ontwerpbenaderings tesame met akkurate FEM-modellering word voorgestel as
'n moontlike metode om interessante en unieke sagte robotaktuatorontwerpe
te bekom.
Navorsing word gedoen oor sagte robotika, die virtuele modellering van
nie-lineêre materiale, generatiewe ontwerpmetodes en toepaslike wiskundige
konsepte. Op grond van die navorsing word 'n metodologie ontwikkel vir die
ontwerp van sagte robotaktuators.
'n Sagtewarepypleiding word ontwerp vir die verkenning van 'n 2D ont-
werpruimte. Patroongenererende metodes, insluitend Lindenmayer-stelsels en
CPPN's, word gebruik om interne dimensies van aktuators te formuleer. Gene-
ratiewe ontwerpbenaderings, insluitend Monte Carlo-simulasies en evolusionêre
algoritmes, word gebruik om groot populasies van aktuators te genereer en te
evalueer. FEM word gebruik om aktuator eienskappe en gedrag akkuraat te
modelleer en te simuleer. Doelwitfunksies word gedenieer om aktuator gedrag
te evalueer.
Daar word gevind dat resultate die geldigheid van die ontwerpmetodologie
aandui. Fisiese modelle wat verteenwoordigend is van suksesvolle gesimuleerde
modelle word in 'n moduêre bak gegiet. Hierdie modelle word getoets en
vergelyk met die gesimuleerde resultate. Daar is gevind dat FEM-modelle
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Manufacturing capabilities have greatly increased over the past decades. The
advent of three-dimensional (3D) printing and other advanced manufacturing
technologies have allowed for the production of novel geometries that were
previously unattainable. (Buchanan and Gardner, 2019; Luis et al., 2020)
The development of new products and systems may now be limited by
the current design capabilities of humans. Improving and creating new design
methods may lead to innovative designs not yet seen before. Design methods
involving collaboration with computers executing generative design procedures
allows for the exploration of complex geometries. (Shea et al., 2005)
The eld of soft robotics is particularly suited to creative and novel ap-
proaches to the design of components. Soft robotic geometries are often highly
complex and free-form. Soft robotic actuators may move in imprecise and
non-trivial manners (Whitesides, 2018). Materials used in the construction of
soft robotic components may behave with non-linear responses (Boyraz et al.,
2018). Novel soft robotic actuator designs with new and non-trivial behaviours
are actively being created and implemented (Ellis, 2020).
A computationally ecient generative design approach may be used to
explore the design space of soft robotics. Hyper-elastic non-linear material
models are computationally expensive. Simplifying the model representation
or evaluation is thus desirable (Niroomandi et al., 2010). Generative design
is a powerful automated approach to design that evaluates the performance
of many dierent potential design solutions. Generative design is useful when
performing manual design evaluations becomes tedious or impossible within
realistic time constraints (Brose, 1993).
1
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1.2 Aim and Objectives
This project aims to implement a scale-invariant generative design process
that results in replicable soft robotic actuator components. A scale-invariant
process would allow for an ecient encoding that can be applied to a wide range
of resolutions yielding similar performances. A generative design process would
entail a computationally focused design process with initial parameters dened
by a human user, the design process largely carried out independently by the
software pipeline, and appropriate designs selected and rened by the user.
The design process should be compatible with multiple objective functions for
the actuators. The design software should be easily modiable and adaptable.
To this end, the project's objectives are outlined as:
1. Review existing approaches to modelling and designing soft bodies to
determine appropriate methods to be investigated.
2. Implement a scale-invariant generative design process capable of gener-
ating manufacturable soft bodies fullling a given objective function.
3. Verify the simulated performance of generated bodies by constructing
and examining a physical model.
1.3 Scope and Assumptions
Some assumptions are made to reasonably limit the scope of the project:
1. The design approach will be generalized as much as possible to allow
for easy modication of physical dimensions, material properties, and
objective functions.
2. The design approach will be limited to the consideration of soft materials.
3. The design space will be limited to 2D solutions.
4. Existing FEM software will be used for material modelling.
1.4 Project Overview
Chapter 2 consists of a literature review exploring the eld of soft robotics in
general, as well as focusing on soft robotic actuators and design approaches.
The literature review also discusses generative design approaches including ge-
netic algorithms, Monte Carlo simulations, Lindenmayer systems (L-Systems),
and Compositional Pattern Producing Networks (CPPN). A short discussion
on the phenomenon of emergent properties is also included. Chapter 3 encap-
sulates the materials and methods relevant to this project. The materials used
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in the simulation and practical testing thereof are discussed. The generative
design methods as applied are discussed in detail. The software implementa-
tion is elaborated upon. Chapter 4 discusses results obtained from running
simulations according to specied parameters. Chapter 5 showcases a physical
replication of models generated during the simulations. A conclusion to the





The eld of soft robotics comprises robots and robotic actuators constructed
from compliant and pliable materials, or exhibiting compliant behaviour (Wang
et al., 2015; Ilievski et al., 2011). Soft robots often aim to mimic biological
muscles and locomotion. Hyper-elastic materials are often used in the con-
struction of soft robots.
Soft robots generally have xed joints and locomotive actuators between
joints, as opposed to traditional hard robots which usually have locomotive
actuated joints connected by rigid sections (Whitesides, 2018), as illustrated
in Figure 2.1.
Soft robots oer many advantages over traditional robots. Soft robots are
safer in working environments alongside humans. Traditional robots are gen-
erally constructed using non-compliant hard, dense, and heavy materials such
as steel or aluminium. Traditional robots usually have xed motion paths and
do not allow for much deviation. Humans working alongside traditional robots
may easily be injured by these robots if they are struck or trapped by them.
Conversely, soft robots are built with compliant and lightweight materials.
Soft robots also generally exert lower forces than their traditional counter-
parts. Soft robots are unlikely to cause injuries to humans. (Whitesides, 2018;
Martinez et al., 2013)
Soft robots are more suited to working with fragile and irregular objects
such as fruit. In addition to the reasons listed above, soft robots easily adjust
to deviations when deforming. (Whitesides, 2018; Martinez et al., 2013)
Combining soft robots' safeness around humans and their ability to work
with fragile and irregular objects has led to many applications of soft robotics
in the biomedical engineering eld. Soft direct cardiac compression devices can
assist in providing enough blood ow. Soft surgical manipulators and grippers
provide safer, compliant, and less invasive tools for surgery. Soft rehabilitative
devices assist in the diagnosis and treatment of patients. (Hsiao et al., 2019)
4
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(a) An example of soft
robot actuation
(b) An example of tradi-
tional robot actuation
Figure 2.1: Dierences between soft and traditional robot actuation
2.2 Actuators
Actuators are components that cause controlled motion, generally used in
robotics and machinery (Sekhar and Uwizeye, 2012). There are currently a
few major types of soft robotic actuators in use (Boyraz et al., 2018).
2.2.1 Soft Actuator Types
Shape Memory Alloys (SMA) are metallic alloys capable of being formed into
a specic shape while above an inherent transformation temperature, as well
as being formed into another shape below the transformation temperature.
When the material is then heated or cooled above or below the transformation
temperature, it reforms into those respective shapes. This property exists
due to the transition between the martensite phase of the material below the
transformation temperature, and the austenite phase above the transformation
temperature. SMA actuators are heated by applying a current directly to the
material. SMA actuators are small, lightweight, silent, and have a high force-
to-weight ratio. When shaped straight, they can exert high forces, but only
achieve small displacements relative to their length. When coiled, they can
extend more, but exert smaller forces. (Villoslada et al., 2014)
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Figure 2.2: A exible SMA actuator designed by Villoslada et al. (2014)
Shape Memory Polymers (SMP) are similar to SMAs, consisting of smart
polymers with the same shape memory properties, instead of metallic alloys.
The initial shape is determined during the manufacturing process. The trans-
formed shape is obtained by cooling the SMP and shaping it as desired. SMPs
use electricity or light as a heat source for transformation (Behl and Lendlein,
2007). They have a high deformation capacity and shape recovery. They are
lighter, cheaper, and easier to produce than SMAs. They are limited in size
due to their low recovery stresses (Huang et al., 2005; Rodriguez et al., 2016;
Behl and Lendlein, 2007).
Figure 2.3: SMP water-driven recovery over time (Huang et al., 2005)
Dielectric/Electrically-Actuated Polymers (DEAP) consist of layers of poly-
mers interspersed with conductive material. When the conductive material
receives an electrical input, a chemical reaction occurs that causes a change in
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volume across the layers. This causes the layers to bend in a predetermined
direction. DEAPs are lightweight, silent, and use little energy. They are bio-
compatible and functional in water. They are well-suited to mimicking real
muscles. Their reactions under high voltages are not fully understood yet and
accurately modelling them is highly complicated. (Mutlu et al., 2014)
Figure 2.4: EAP actuator structure and operating principles (Mutlu et al., 2014)
Electro-Magnetic Actuators (EMA) make use of magnetic microparticles
within a polymer matrix. The particles are manipulated to cause motion by
an external magnetic eld from an electromagnet. This allows for a wide range
of motion by varying the orientation and magnitude of the electromagnetic
eld. EMAs are small, require low voltages, and are ecient. They have
quick response times and high dynamic ranges. They are still an emerging
technology in the early stages of development. (Do et al., 2018)
Figure 2.5: EMA coil heating with diering mass ratios of EGaIn and polymer (Do
et al., 2018)
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Fluid Elastomeric Actuators (FEA) use soft polymeric structures with in-
ternal geometry designed for specic types of motion when driven by uid
pressure. Fluid pressure may be obtained from pressurized containers or chem-
ical reactions. They are simple to design, manufacture, and control, and are
lightweight and usually inexpensive. They are scalable to dierent sizes and
resistant to many types of damage. (Shepherd et al., 2011; Onal et al., 2017)
Figure 2.6: Cross-section of an FEA at atmospheric and actuated pressures (Shep-
herd et al., 2011)
2.2.2 Soft Actuator Designs
Some soft robotic actuators implement linear extension, which has many ap-
plications. Extending actuators allow for an increase in the reach of robotic
bodies. Extension may be used to activate levers or switches. Extension may
be used to lift objects or bodies. (Martinez et al., 2012)
Figure 2.7: Linearly extending soft actuator lifting 1 kg (Martinez et al., 2012)
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Torsional extension is a variant of linear extension. Torsionally extending
actuators twist as they extend, resulting in an angular dierence between the
ends of the actuator. In addition to the uses of linearly extending actuators,
torsionally extending actuators may be used to twist, turn or screw components
or objects. (Yan et al., 2018)
Figure 2.8: Torsionally extending soft actuator displaying rotation (Yan et al.,
2018)
FEAs can be built to curl while expanding and straighten out while con-
tracting. This has a range of applications, especially when multiple of these
FEAs are used in conjunction with one another. One application is as a grip-
per, where a number of these FEAs are arranged similarly to a hand or tentacles
all curling inward. Grippers are well-suited to picking up and manipulating
soft and/or irregularly shaped objects. (Ilievski et al., 2011)
Figure 2.9: Soft robotic gripper picking up an egg (Ilievski et al., 2011)
More complex actuators are manufacturable. A bimodal FEA was de-
veloped by Ellis (2020). The actuator has a crimped paper strip acting as a
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strain limiter embedded within a sti layer of Ecoex 0030. The strain-limiting
layer is alongside multiple Mold-Star 15 cells. When pressurized by a linearly
increasing single pressure source, the actuator rst curls inwards, then back
outwards while extending linearly. (Ellis, 2020)
Figure 2.10: Bimodal FEA exhibiting dierent responses as pressure increases
(Ellis, 2020)
2.3 Soft Robot Modelling Approaches
To prevent the necessity of physically constructing every design of a soft body,
a computationally ecient and accurate digital model can be constructed.
2.3.1 FEM
The Finite Element Method (FEM) has been used to successfully model soft
robotic actuators and components. FEM models made use of the Ogden ma-
terial model or the Yeoh material model. Models were validated with experi-
mental data. (Elsayed et al., 2014; Runge et al., 2017)
2.3.2 Voxels
Voxels are three dimensional (3D) pixels. Voxels are usually cubical. Material
properties and forces may be applied to voxels in specic software packages.
The resulting behaviour may be simulated, accurately reecting real-world
behaviour. Larger bodies may be constructed from voxels and simulated. It is
relatively simple to construct bodies from voxels. (Cheney et al., 2013, 2015)
Cheney et al. (2013) used voxels to model soft bodies in VoxCAD. VoxCAD
is free voxel-modelling software. Soft bodies were evolved using CPPN-NEAT.
CPPN morphologies were found to appear natural and produce interesting
and varying results. Three materials were used for the construction of the
soft bodies. The three materials diered in hardness, being compliant, par-
tially compliant, and sti. Compliant and partially compliant voxels acted as
the actuators. Sinusoidally varying external pressures were applied to entire
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bodies. Compliant and partially compliant voxels contract and expand as the
pressure increased and decreased respectively. The expansion and contraction
resulted in locomotion of the bodies through virtual environments. (Cheney
et al., 2013, 2015)
Soft bodies were tasked either with traversing along a linear path or squeez-
ing through a tight space. Simulations were run multiple times with dierent
penalty functions. Penalty functions varyingly penalised the numbers of ac-
tuated voxels, voxel connections, and total voxels. It was found that with
diering penalty functions, dierent bodies evolved and performed better. Fi-
nal bodies were 3D printable. They were actuated by placing them within a
pressure chamber where the pressure is sinusoidally varied. This limits their
practical application. (Cheney et al., 2013, 2015)
Figure 2.11: Soft robot constructed from voxels (Cheney et al., 2013)
2.3.3 Tetrahedral Meshes
Rieel et al. (2013) applied evolutionary algorithms to soft bodies. They used
NVidia's PhysX engine to model soft tetrahedral meshes. A tetrahedron is a
simulated element dened by four vertices and corresponding faces, as shown
in Figure 2.12. Material stinesses and damping coecients may be assigned
to tetrahedrons with the physics engine. Tetrahedral meshes are bodies con-
structed from multiple tetrahedrons. Three properties of the bodies were used
to control the evolution: the body shape, the body motion, and the mate-
rial properties. Three dierent simulations were run. For each simulation,
one of the three properties was xed, while the other two were allowed to
evolve. Tetrahedral mesh resolution was also manipulated to inspect perfor-
mance. Higher resolutions allowed for smoother surfaces at the cost of com-
puting power. The nal bodies are 3D printable, but lack a simple actuation
mechanism. (Rieel et al., 2013)
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Figure 2.12: A tetrahedron with all four faces and vertices labelled. The faces
labelled in dark grey are not visible from the current angle.
Figure 2.13: Soft robot constructed from a tetrahedral mesh (Rieel et al., 2013)
2.3.4 Gaussian Mixtures
The Gaussian mixtures representation (Pernkopf and Bouchara, 2005) uses
a density eld analogy to a level-set method. A density eld is a description
of space consisting of a coordinate system. The coordinate system assigns
three coordinates to every point relating them to a selected region. Matter
in certain regions with their related coordinates have non-zero density eld
values. These regions dene mathematical body positions using the related
coordinates (Prasad, 2003). A level-set method involves a surface intersecting
with a plane. This results in a contour (Osher and Sethian, 1988).
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Hiller and Lipson (2012) modelled soft amorphous bodies using the Gaus-
sian mixtures representation. The density eld is initialized as having zero
density. Points of density with Gaussian fallo are added within the eld.
The points may have positive or negative weights. Positive weights contribute
to the density, while negative weights subtract from it. This results in smooth,
free-form shapes. If a single point was used, a solid sphere would be the thresh-
olded result. Material properties are stored in the points and distributed ac-
cordingly between points. The Gaussian mixtures representation is a compu-
tationally ecient method of storing and representing complex smooth shapes.
Shapes were evolved using evolutionary algorithms. The Gaussian points' coor-
dinates, densities, fallo ranges, and material indices were used as parameters
of interest during evolution. (Hiller and Lipson, 2012)
Figure 2.14: Soft body represented by a Gaussian density mixture (Hiller and
Lipson, 2012)
2.4 Evolved Virtual Bodies
Optimization of discretely represented mathematical model problems, such as
virtual bodies, is an active area of research. These problems have potentially
massive solution spaces. An automated search of the design space making use
of random and targeted methods is desirable.
2.4.1 Generative Design
A generative encoding is a type of encoding that species the construction
of a phenotype. A genotype is a programmed representation of a potential
individual or problem solution. A phenotype is a set of characteristics of an
individual resulting from the composite of its genotypes (Sims, 1994b). It
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may scale well because of its inherent self-similar and hierarchical structure.
(Hornby and Pollack, 2001b)
An early approach to generative design used a model that encompassed the
domain of all components and their possible interactions to design physical
bodies with desired behaviours. This approach divided the behaviours and
constructed appropriate design fragments for them. These fragments were
incrementally composed until a design that obeyed the desired behaviours was
obtained. (Brose, 1993)
2.4.2 The Monte Carlo Method
The Monte Carlo method may be applied to physical problems described by
systems with moderate numbers of parts. The method involves producing
large numbers of results of a given problem. The relative number of successful
iterations may be analyzed. The method will never yield results with com-
plete certainty. The method may yield results within certain limits with great
probability. The method is well suited to generative design problems of which
individual iterations are not too computationally expensive (Metropolis and
Ulam, 1949).
2.4.3 Evolutionary Algorithms
Evolutionary algorithms, also known as genetic algorithms, are a robust ap-
proach to solving optimization problems. They derive their name from their
similarity to the evolution of biological organisms. They typically start with
a randomly generated population of solutions to a given problem. Each indi-
vidual solution's suitability is checked. The more suitable solutions are used
to generate a new population, by "breeding" existing members of the popula-
tion, and introducing some random variations. The new population is checked
again, and this process is repeated for some number of generations (Groenwold
et al., 1999). Evolutionary algorithms are versatile. They can be applied to
the optimization of functions and the evolution of complex behaviours and
bodily morphologies. They have been specically applied to the evolution of
robotic bodies for many years (Sims, 1994b,a).
Evolutionary algorithms require a measure of the population's performance.
Within the context of evolving simulated physical bodies, a realistic physically
simulated goal is usually set. Examples include traversing the greatest distance
within a set amount of time, jumping or climbing over an obstacle, or drawing
another object closer to it. Fitness measures may also be implemented as
survival criteria in testing, such as energy requirements, size, and complexity
of the respective bodies. (Sims, 1994b,a)
Evolutionary algorithms typically use direct encodings of solutions. They
may struggle to successfully design highly complex systems using direct en-
codings. (Hornby and Pollack, 2001b)
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In 1994, Karl Sims introduced the concept of evolving 3D virtual bodies
with the aid of evolutionary algorithms. Four simulations with dierent tness
evaluation functions were run. The four functions were swimming as far as
possible within a limited time period, moving across a at surface as far as
possible within a limited time period, jumping as high as possible from a
stationary position, and following a light source. The bodies were simply
modelled. Nodes describe the rigid parts of the body, the joints between
parts and their parent parts, and the set of connections they have to other
nodes. Rigid parts have specic dimension. Joints have dierent types and
limits of motion. Node connections describe a part's relationship to its parent.
The bodies are described as a set of nodes. These bodies are evolved in three
dimensions according to their performance against one of the simulation tness
functions using evolutionary algorithms for several generations. The best-
performing models were inspected at the end (Sims, 1994b). Further tests were
done where two bodies were evolved in the same environment. The bodies had
to compete with each other to keep a cube as close to themselves and as far
away from the other body as possible. This study investigated the eect of
competition between organisms on evolution and optimization (Sims, 1994a).
2.4.4 Lindenmayer Systems (L-systems)
L-systems were originally conceived as a mathematical theory of plant devel-
opment. They are used in theoretical biology to describe and simulate natural
growth processes. They did not originally include enough detail to completely
model higher-level plants. They focused on plant topology and not geometry.
(Kolodziej, 2002; Prusinkiewicz et al., 2004)
The main component of L-systems is rewriting. Rewriting is used to de-
ne complex objects by consecutively replacing parts (letters) of an initial,
simple object (word) according to a set of rules (grammar). Grammars are ap-
plied in parallel. Grammars simultaneously replace all letters in a given word
(Prusinkiewicz et al., 2004). This makes L-systems suitable for describing and
generating fractal structures. Words generated by L-systems can be used as
genotypes for virtual bodies (Kolodziej, 2002).
There are many variations of L-systems. Deterministic and context-free L-
systems (DOL-systems) are the simplest type of L-Systems. DOL-systems may
use edge rewriting or node rewriting. Edge rewriting replaces polygon edges
with gures. Curves generated by edge rewriting pass through all available
points of a square while remaining nite and never colliding with themselves.
Node rewriting operates on polygon vertices. Arbitrary subgures are substi-
tuted in nodes of the previous curve. (Prusinkiewicz et al., 2004)
Stochastic L-systems implement randomization to obtain variation in pro-
ductions. Randomization may be implemented in the L-system itself, its in-
terpretation, or both. A single character may have multiple rules allocated to
it, each with a probability of selection assigned. During replacement, a rule
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is selected from the possible rules by randomly selecting one, considering each
possible rule's probability. During interpretation, the lengths of edges drawn
may vary randomly. (Prusinkiewicz et al., 2004)
A context-sensitive L-system's productions' expression may depend on its
predecessors' context. Rules may only be implemented if characters are neigh-
boured by other prerequisite characters. (Prusinkiewicz et al., 2004)
Original L-systems are discrete in time and space. Model states are known
only at specic time intervals. Only a nite number of model states exist.
Parametric L-systems allow for innite model states due to the assignments
of numerical parameters to variables. Parametric L-systems are not limited
by all values being reduced to integer multiples of a unit segment. Edges and
angles are allowed to vary according to parameters assigned to their variables
that may change. Parameters may change according to the iteration number,
length of the word, the context of surrounding symbols, the position of the
character in the word, etc. (Prusinkiewicz et al., 2004)
Map L-systems allow for cyclical formations in a production. Maps are
nite sets of regions. Regions consist of bounded, nite, circular sequences of
edges meeting at vertices. Each edge has either one or two vertices linked to
it. Vertices are formed when edges cross. There are no vertices not associated
with an edge. The boundary of a region contains every edge. The set of all
edges is connected. Maps correspond to microscopic views of cellular layers.
Cells are represented by regions. Cell walls are represented by edges. This
corresponds to simplied 2D views of cells. (Prusinkiewicz et al., 2004)
Some simulations of the branching patterns often achieved by L-systems
consider the interactions among the growing features, structures, and envi-
ronment. This makes models more realistic and introduces some complexity.
(Prusinkiewicz et al., 2004)
2.4.5 Compositional Pattern Producing Networks
(CPPN)
To obtain a solution from a space encompassing high dimensionality, an in-
direct encoding mapping smaller numbers of genotypes to phenotypes may
be necessary. Developmental encoding incorporates elements of development
as seen in biological processes over time to indirect encodings. (Hornby and
Pollack, 2001a)
CPPNs as an encoding describe the structural relationships that would
develop without having to simulate the development process. The encoding is
composed of functions based on gradient patterns as found in natural embryos.
CPPNs structurally resemble neural networks and can make use of existing
ecient evolutionary methods used for them. (Stanley, 2006)
Features obtained from the use of CPPN-NEAT algorithms include sym-
metry, reuse, and preservation and elaboration of regularities. (Stanley, 2006)
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2.5 Emergent Properties
Database amplication is the generation of seemingly complex objects from
very compact descriptions (Prusinkiewicz et al., 2004). Emergent properties
occur when not all components of a given property satisfy that property. An
emergent property is not satised by the constituent components of a system
but is satised by the overall system. If the required condition for a specic
property to exist can be determined, it is possible to construct a system sat-
isfying that property from components that do not satisfy that property. If
the target property of a system and the property of a component is known, it
can be determined if the other component can have a property that will result
in the system satisfying the target property. If that property exists, it can be
found. (Zakinthinos and Lee, 1998)
Reactive systems consist of interconnected sub-components that are a part
of structural links dening communication methods. These systems may ex-
hibit emergent properties that are unpredictable even when complete knowl-
edge of the systems is accessible. This implies the systems are complex in such
a manner that they cannot be simplied to rules based on inferences from their
properties. Knowledge of the rules of interactions between the sub-components
is also necessary. (Aiguier et al., 2008)
Emergent properties are sometimes encountered with generative design.
Emergent properties may be complex behaviours that are dicult to predict
(Aiguier et al., 2008) and challenging to understand initially, that arise from
the combination of the simple elements and rules used to construct the gen-
erative design algorithms. For example, virtually evolved bodies may end up
being complexly constructed in such a way that the methods of completing
their objectives are not initially obvious (Damper, 2000). These emergent
properties are desirable, as one advantage of generative design processes is
that they may arrive at original and unique designs that may be extremely
dicult for a human to arrive at (Sims, 1994b).
2.6 Hausdor Distance
The Hausdor distance is the largest possible distance from any point in one
set to its closest point in another set. Two sets of coordinates have a small
Hausdor distance if every point in both sets is close to another point in the
other set. The Hausdor distance between set A and set B is (Tyrrell et al.,
1997):
dH (A,B) = sup
x,yεR2
|dA (x, y)− dB (x, y)| (2.1)
Where:
 A,B are non-empty subsets of a real 2D metric space.
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 d is the coordinate set of a member of set A or B.
The Hausdor distance is applicable to shape identication in images. Out-
lines and prominent features are capable of being identied even when rotated




This chapter covers the materials considered during this project and the method-
ologies applied throughout. The methodologies encompass generative de-
sign approaches such as L-Systems, CPPNs, and evolutionary algorithms.
Modelling methods, specically the FEM settings, are outlined. A detailed
overview of the software pipeline is provided.
3.1 Materials
3.1.1 Modelling
The modelling of materials undergoing relatively large deformations is a non-
trivial problem. Stored strain energy density may be used to compute stress
in hyperelastic materials. The strain energy density is dened using invariants

































3 are three eigenvalues. The frame of reference is the
undeformed state. The three invariants will not change when using dierent
coordinate systems. The three invariants must be positive for the deformation
to be valid. The square root of I3 measures the volume change of the material.
I3 = 1 if the material is incompressible. (Kim, 2015)
The distortional strain energy density is dened as (Kim, 2015):
W1 (I1, I2) =
∞∑
m+n=1
Amn (I1 − 3)m (I2 − 3)n (3.4)
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The Ogden model uses the principal stretches to dene the distortional
strain energy density as (Ogden, 1972):










where N , µi, and αi are material parameters. N is usually three. The
principal stretches are the three eigenvalues of the deformation gradient. If
the material is incompressible, the three principal stresses are not independent,







The Ogden model correlates well with simple tension test data that is
elongated up to 700%. The model accommodates for slightly compressible
behaviour and a non-constant shear modulus (Ogden, 1972; Kim, 2015).
3.1.2 Selection
Compliant and elastic materials are commonly used in the construction of soft
robots. Three specic silicon-based rubbers that are readily accessible and
aordable were characterized by Ellis (2020). These rubbers' Ogden material
model parameters are shown in Table 3.1.





µ -0.0142909 -3.64558e-06 9.59447e-08
α -5.22444 -0.162804 11.3772
Mold Star 15 SLOW
µ -6.50266e-06 0.216863 0.00137158
α -21.322 1.1797 4.88396
Smooth-Sil 950
µ -0.30622 0.0283304 6.5963e-09
α -3.0594 4.59654 17.6852
Mold Star 15 SLOW is selected as the material to be digitally modelled and
manufactured for the project. Mold Star 15's stiness lies between EcoFlex
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and Smooth Sil's. Mold Star 15 is deliverable to the premises where testing
is to be done and available from a registered supplier. Additional relevant
properties are listed in Table 3.2.
Table 3.2: Additional Mold Star 15 SLOW material properties (Smooth-On, 2014)
Property Value
Pot life (min) 50
Cure time (min) 240
Tensile strength (MPa) 2.7579
Mold Star 15's long pot life allows for adequate time to prepare specimens
thoroughly. Mold Star 15's relatively short cure life prevents long delays while
waiting for specimens to cure. Mold Star 15's relatively high tensile strength
prevents tears or ruptures at signicant deformations. It is suitable for ination
while being capable of supporting itself at the relevant scale of construction.
3.1.3 Mixing and Casting
Mold Star 15 as provided by the manufacturer consists of two components:
Mold Star 15-A and Mold Star 15-B. Mold-Star 15-A is white in colour while
Mold Star 15-B is blueish-green. The two components remain liquid when
exposed to air or other surfaces. When mixed with each other, the components'
pot life begins and the mixed material will begin to set. However, unless mixed
adequately in the correct amounts, the material properties will dier from those
specied and it may not set entirely.
The two components of the material need to be mixed according to a 1:1
mass ratio. A clean mixing bowl is placed on an electronic scale and the scale
is zeroed. Mold-Star 15-A is added to the bowl according to half the desired
amount of Mold-Star 15. The mass of Mold Star 15-A is carefully noted and
the scale is zeroed again. An equal amount of Mold Star 15-B is added to the
mixing bowl.
A clean disposable stirrer such as a tongue depressor is used to mix the two
Mold Star components thoroughly. The mixture is considered to be thorough
when it is one uniform colour and no lighter or darker streaks are visible.
The mixture must be degassed to remove any air bubbles formed during
pouring or mixing. The mixture in the bowl is placed inside a degasser and
the pressure is lowered to vacuum pressure. Bubbles will rise to the top of the
mixture and pop. When no bubbles have appeared for a minute, the mixture
is considered degassed. It may be removed from the degasser once the pressure
has equalized.
The mixture may now be cast into a mould. Care must be taken during
casting to prevent the formation of more bubbles. If the mould is movable and
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ts within the degasser, this may be done to remove any extra bubbles formed
during casting.
If the mould is open, the material must be levelled to remove excess mate-
rial and prevent any menisci from forming, which would aect the specimen's
thickness. The material is levelled by applying a scraper across the surface
slowly. If the scraper is moved too fast, it may remove too much material, as
the mixture is viscous and sticky. If the surface area is too large, a at cover
may be applied by slowly lowering it at an angle.
According to Mold Star 15's pot life, the process detailed above must be
completed within 45min. The cast specimen will be ready 4 h after the pot
life has ended.
3.2 Pattern Generation
A component of the generative design process of this project is the construction
of internal geometries. The project scope is limited to a 2D grid of squares.
Pattern generation methods capable of evolving are implemented to generate
initial geometries and improve upon them.
3.2.1 L-Systems
L-Systems are implemented in the code pipeline as a pattern generation method.
L-Systems are implemented according to a context-free L-System structure as
dened by Prusinkiewicz et al. (2004). The L-System unit generation method
is implemented due to the features of eciency, compactness, and scalability.
L-Systems are dened in the Python code using class objects containing all
necessary information.
3.2.1.1 Parameters
L-System implementation is simplied to ensure only essential features are in-
cluded. Stochastic L-Systems are not implemented to maintain replicability.
Parametric L-Systems are not implemented because a single discrete model
state is desirable. Maps are not implemented as the resulting reections when
branches collide with the border wall may negatively impact the scalability of
the L-Systems. Reections inward may quickly ll up the available space or
result in geometries dissimilar to ones resulting from the same L-System at
higher resolutions. Interactions between elements drawn are also not consid-
ered.
The L-System vocabulary is dened as a class object in the Python code.
The vocabulary consists of variables and constants. The vocabulary and its
interpretations are outlined in Tables 3.3 and 3.4. The vocabulary interpre-
tation diers from traditional L-System interpretations. Traditional L-System
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interpretations result in lines of varying lengths and angles being drawn. For
the purposes of this project, the vocabulary interpretation is required to ll
in elements of a grid. A unique interpreter was designed and implemented for
this project.
Table 3.3: L-System variable interpretation
Variable Interpretation
F
Create an element at the current position and increment
the current position in the current direction
f Increment the current position in the current direction
+ Rotate the current direction by 45° clockwise
- Rotate the current direction by 45° counterclockwise
Table 3.4: L-System constant interpretation
Constant Interpretation
[ Push the current position to the position memory stack
]
Pop the latest position on the position memory stack
and return to that position
(
Push the current position to the position memory stack.
All directional variables, i.e. "+" and "-", in the word
following this constant are reversed until the ")"
constant is encountered
)
Pop the latest position on the position memory stack
and return to that position
Randomly generated L-Systems are manipulated using a random gener-
ation seed. Randomly generated L-Systems have requirements and speci-
cations implemented to ensure the validity of the L-System. At least one
L-System rule must be dened. This rule must apply to the variable "F"
and must itself contain at least one instance of the variable "F". Up to three
additional rules may be dened, one for each of the remaining variables.
During initial trials, issues were encountered in allowing rules to be gen-
erated with completely random variables and constants. Unmatched brackets
did not allow for the correct interpretation of the axioms. Without forcing the
inclusion of the variable "F" in at least one rule or applying at least one rule
to the variable "F", many L-System interpretations resulted in no elements
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being drawn. If constants were treated as variables, the brackets could also
end up unmatched.
Rule components are selected from a predened list included in Table 3.5.
Rule components were selected for various reasons. Rule components contain-
ing more than one character allow for variability in rule length. Rule compo-
nents containing two identical directional variables specify 90° rotations. Rule
components enclosed within square brackets allow for branches to exist within
the L-System.
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Create an element at the current position and
increment the current position in the current
direction
2 f
Increment the current position in the current
direction
3 + Rotate the current direction by 45° clockwise
4 -
Rotate the current direction by 45°
counterclockwise
5 ++ Rotate the current direction by 90° clockwise
6 
Rotate the current direction by 90°
counterclockwise
7 fF 2, then 1
8 Ff 1, then 2
9 [F]
Push the current position to the position
memory stack, then 1, then pop the latest
position on the position memory stack and
return to that position
10 [f]
Push the current position to the position
memory stack, then 2, then pop the latest
position on the position memory stack and
return to that position
11 [+F]
Push the current position to the position
memory stack, then 3, then 1, then pop the
latest position on the position memory stack
and return to that position
12 [+fF]
Push the current position to the position
memory stack, then 3, then 7, then pop the
latest position on the position memory stack
and return to that position
13 [-F]
Push the current position to the position
memory stack, then 4, then 1, then pop the
latest position on the position memory stack
and return to that position
14 [-fF]
Push the current position to the position
memory stack, then 4, then 7, then pop the
latest position on the position memory stack
and return to that position
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Twelve axioms are predened and outlined in Table 3.6. Axioms were
dened according to desirable symmetry conditions. Symmetry conditions are
illustrated in Figure 3.2 according to the reference shape in Figure 3.1.
Table 3.6: L-System axioms











Figure 3.1: L-System symmetry interpretation reference layout
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(a) Horizontal rotation (b) Vertical rotation (c) Horizontal and verti-
cal rotation
(d) Diagonal rotation (e) Negative diagonal ro-
tation
(f) Diagonal and nega-
tive diagonal rotation
(g) Horizontal reection (h) Vertical reection (i) Horizontal and verti-
cal reection
(j) Diagonal reection (k) Negative diagonal re-
ection
(l) Diagonal and nega-
tive diagonal reection
Figure 3.2: L-System interpretation of symmetry axioms according to Figure 3.1.
Axes of symmetry are indicated with dotted lines
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3.2.1.2 Interpretation
L-System rule interpretations are only applied to characters within the square
brackets in the axiom. This maintains the symmetry conditions dened by
the axiom. Rule interpretations are carried out for the dened number of
iterations.
The number of open round brackets in the word is counted. For every open
round bracket, the rst subsequent closed round bracket is identied. Each
string segment starting and ending with an open and closed round bracket is
extracted. The round brackets are replaced with the equivalent square brack-
ets. Pluses and minuses are swapped to invert all directional changes within the
round brackets. This allows for reection symmetry conditions to be applied.
The original string segment is replaced with the adjusted string segment.
The resulting word is interpreted from the rst character to the last char-
acter. The interpretation applies to a grid of squares identied by x- and
y-coordinates. The origin square is dened by the coordinates (0, 0). Positive
and negative directions are applied as per standard convention. The inter-
pretation starts at the origin with the direction at 0°, i.e. in the positive
y-direction.
Figure 3.3: Example 5x5 grid for L-System interpretation indicating the origin and
orientation. The current position is outlined.
If the character is "F", a check is done to determine if the stack is at
its initial value or if the current element is the initial element. If it is ei-
ther, the element coordinates are set to the origin. If it is neither, the x-
and y-coordinates are incremented in the current direction. The new element
coordinates are added to the list of coordinates.
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If the character is "f", the procedure is identical to the procedure for the
character "F", except that the new element coordinates are not added to the
list of coordinates. Thus the position is incremented without an element being
added.
(a) Interpretation of "F" from the
origin. A saved element is lled
in.
(b) Interpretation of "f" from the
origin.
Figure 3.4: L-System interpretation of movement variables
If the character is "+", the current direction is incremented by 45°. If the
character is "-", the current direction is decremented by 45°.
(a) Interpretation of "+" from
the origin
(b) Interpretation of "-" from the
origin
Figure 3.5: L-System interpretation of rotational variables
If the character is "[", the current position and direction is added to the
stack. If the character is "]", a check is done to determine if the stack is at its
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initial value. If it is, the initial coordinates and direction are fetched. If it is
not, the latest coordinates and direction are popped from the stack. A check
is then done to determine if the stack is at its initial position. If it is, a ag is
set to indicate as such.
The complete list of coordinates is sorted in ascending order. All duplicate
element coordinates are removed.
3.2.2 CPPNs
A CPPN-like generation method is implemented due to the CPPN features
of image generation and scalability. CPPNs are dened using class objects
containing all necessary information. A single CPPN may generate several
models. CPPN models are also dened as class objects containing all necessary
information.
A random generation seed is used to determine the CPPN's initial layer,
hidden layers, and activation functions. The random generation seed allows
for replicability of CPPNs.
A CPPN model may be scaled inwards or outwards. This is equivalent to
zooming in and out of a fractal image. The function evaluations are updated
as the scale is increased or decreased to apply to the current scale.
The x- and y-dimensions are specied initially. All hidden layers barring
the initial layer have a number of nodes equal to the x-dimension multiplied
with the y-dimension. The CPPN will result in a model that ts perfectly
within the internal space of the unit.
CPPN models obtained for this thesis are at much lower resolutions than
traditional CPPN models. A reduction in complexity was deemed appropri-
ate. Traditional CPPNs allow for unique activation functions to be applied to
each node. This was not implemented to reduce complexity. Five activation
functions are available for the hidden layers of the CPPN. Activation functions





 The sigmoid function
 The smooth ReLu function
The smooth ReLu function is also known as the Softplus function. It is
dened as (Dugas et al., 2000):
f (x) = ln (1 + ex) (3.7)
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Only the last two activation functions are available for the output layer of
the CPPN. They result in values ranging only from 0 to 1. The values are
rounded according to the specied threshold parameter.
3.3 Generative Design Approaches
Generative design methods are required to assist in the determination of well-
performing units generated by the pattern generation methods. Large popula-
tions of unique units must be created. Each individual's performance should be
ranked according to a predened objective function. Better-performing units
should be identied and favoured by the generative design methods.
3.3.1 Monte Carlo Simulations
Monte Carlo simulations operate on the principle that a large enough pop-
ulation of calculated solutions should be fairly representative of the entire
population of possible solutions (Metropolis and Ulam, 1949). A Monte Carlo
simulation of units is thus implemented as a generative design method.
A population of units is randomly generated according to the specied unit
generation method. The unit generation process is outlined in Section 3.9.3.
The entire unit population is simulated and ranked according to an objective
function specied by the template case. The ranking process is discussed in
more detail in Section 3.9.6. Further evaluation of unit performance may be
carried out by manual inspection of high-ranking units.
3.3.2 Evolutionary Algorithms
Evolutionary algorithms involve the initial generation of a random population
and the improvement of the population members' tness according to some
objective function over several generations. An evolutionary algorithm is thus
implemented as a generative design method.
An initial random population is generated, run, and evaluated. Two parent
population members are selected for evolution. Parents are ranked in descend-
ing order according to their tness. The ranking procedure is discussed in
detail in Section 3.9.6. The parent population is iterated through from the
most t to the least t parent until a parent has been selected. A random
number between 0 and 1 is generated for selection. A tness weighting func-
tion is used to determine the selection of a parent. The tness weighting
function is dened as (Groenwold et al., 1999):
y =
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 y is the tness weighting.
 p is the population size.
 r is the rank of the selected member.
 c is a user-dened tness constant set to 1.
The sum of all tnesses is equal to 1. A random number between 0 and
1 is generated. The largest population member with a tness value smaller
than the randomly generated number is selected as a parent. Two parents are
selected at a time two produce two ospring. This tness function was chosen
for its simplicity.
Crossover may occur between two parents. For every crossover point, a
random number between 0 and 1 is generated. If the number is below the
specied probability, crossover occurs. A random index in the list of parent
parameters is selected. The parameters are swapped between parents from
this index onwards. The two resulting children are potentially evolved further.
Random mutation of a child parameter may occur. For every random mu-
tation point, a random number between 0 and 1 is generated. If the number is
below the specied probability, random mutation occurs. A random parameter
of the child is selected. The parameter is randomly changed to any allowed
value for that parameter.
Biased mutation of a child parameter may occur. For every biased mutation
point, a random number between 0 and 1 is generated. If the number is below
the specied probability, biased mutation occurs. A random parameter of the
child is selected. Another random number between 0 and 1 is generated. If the
number is below 0.5, the parameter is decreased by 1. If the number is above
or equal to 0.5, the parameter is increased by 1. The parameter is bounded
by the allowed ranges.
All children are added to the population list. The new population list is
used to generate the next population of units.
3.4 FEM
A FEM analysis of material behaviour is implemented. Licensed and main-
tained FEM software is readily available. As per Section 1.3, original FEM
code will not be implemented to limit the scope of the project.
3.4.1 Template
The generative design approach as discussed in Section 3.3 requires large pop-
ulations of similar units to be created and run. The units need to be similar
to meaningfully draw comparisons between them and select the best perform-
ing units. A template unit is created containing all necessary and non-unique
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specications. The template can be altered according to the specied unit
generation method.
The template has all appropriate FEM settings applied. The template is a
2D grid of square elements. 2D quad shell elements, each having four nodes,
are used. Plane strain geometrical properties are applied to all elements. A
single contact body is dened containing all elements. Material properties are
added to all elements according to the Ogden material model. Mold Star 15's
Ogden material model parameters as per Table 3.1 are applied.
The template has boundary conditions applied causing deformation accord-
ing to a specied case. Cases are outlined in Section 3.5. Forced displacement
boundary conditions are applied to relevant nodes. Displacement magnitudes
are either 0 or a desired magnitude applied according to a table. The table
used is dened as a simple y = x function across the interval 0 s to 1 s.
Certain template parameters need to be specied by the user. These pa-
rameters are detailed in Section 3.9.1. Once the user-specied parameters have
been applied, the template may be created. Template creation is described in
Section 3.9.2.
3.4.2 Unit Simulations
Units are altered templates. Units have some internal elements removed. It
is assumed that units are actuated by internal pressure. Internal pressures
are applied in the FEM models by edge loads perpendicular to all internal
edges which have no neighbouring elements. Figure 3.6 illustrates the internal
pressure boundary conditions as applied by the software pipeline.
Figure 3.6: Unit internal pressure boundary conditions. The unit ID is
grid_39_1_973_1_8_28_42.
Units are not expected to be utilized independently. It is assumed that
multiple units will be arranged together in grid-like patterns to construct ac-
tuators with desirable behaviours. Units are thus not modelled in isolation.
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Units are copied to create a 5× 5 grid of identical units. Figure 3.7 illustrates
the 5 × 5 grid created from the unit in Figure 3.6. Only the central unit is
considered during the analysis of the results. The central unit is assumed to
be representative of a typical unit in a large arrangement.
Fixed boundary conditions are applied to prevent rigid body modes. The
four outermost nodes of the 5 × 5 grid arrangement are xed in the x- and
y-direction. These boundary conditions are visible in Figure 3.7.
Figure 3.7: 5×5 grid layout of the unit in Figure 3.6 with xed boundary conditions
indicated
3.5 Unit Deformation Cases
Three unit deformation cases were dened, implemented, and evaluated with
the software pipeline. The pipeline allows for easy implementation of new unit
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deformation cases and methods of evaluation. The unit deformation cases were
selected due to their robustness, potential applications, and simplicity.
3.5.1 Uniaxial Elongation
Case 1 is a case of uniaxial elongation as dened by Kim (Kim, 2015). This
case has no rigid body modes. Four boundary conditions are applied. They
are outlined in Table 3.7.
Table 3.7: Uniaxial elongation boundary conditions (Kim, 2015)
Label Boundary Constraint Direction
bc_fd_yy1 Bottom edge Fixed y
bc_fd_yy2 Top edge Forced displacement y
bc_fd_xx1 Left edge Fixed x
bc_fd_xx2 Right edge Fixed x
The boundary conditions as applied in Marc Mentat to a template of 5× 5
elements are illustrated in Figure 3.8a. The resulting deformation is illustrated
in Figure 3.8b.
(a) Uniaxial elongation boundary
conditions as applied in Marc Mentat
(b) Resulting deformation of uni-
axial elongation. The original
shape is outlined in pink.
Figure 3.8: Uniaxial elongation boundary conditions and the resulting deformation.
This case has applications in causing extension. Multiple units combined
and oriented in the same direction would result in a linearly extending actuator.
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3.5.2 Biaxial Elongation
Case 2 is a case of biaxial elongation. Four boundary conditions are applied.
They are outlined in Table 3.8.
Table 3.8: Biaxial elongation boundary conditions
Label Boundary Constraint Direction
bc_fd_yy1 Bottom edge Fixed y
bc_fd_yy2 Top edge Forced displacement y
bc_fd_xx1 Left edge Fixed x
bc_fd_xx2 Right edge Forced displacement x
The boundary conditions as applied in Marc Mentat to a template of 5× 5
elements are illustrated in Figure 3.9a. The boundary conditions are visually
identical to Figure 3.8a. The resulting deformation is illustrated in Figure 3.9b.
(a) Biaxial elongation boundary
conditions as applied in Marc
Mentat
(b) Resulting deformation of biaxial
elongation
Figure 3.9: Biaxial elongation boundary conditions and the resulting deformation
This case has applications in causing expansion. Multiple units combined
and arranged in a grid would result in an inating actuator that retains its
shape.
3.5.3 Pure Shear
Case 3 is a case of pure shear as dened by Kim (Kim, 2015). This case has no
rigid body modes. Four boundary conditions are applied. They are outlined
in Table 3.9.
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Table 3.9: Pure shear boundary conditions (Kim, 2015)
Label Boundary Constraint Direction
bc_fd_xy1 Bottom edge Fixed x
bc_fd_xy2 Top edge Forced displacement x
bc_fd_yx1 Left edge Fixed y
bc_fd_yx2 Right edge Fixed y
The boundary conditions as applied in Marc Mentat to a template of 5× 5
elements are illustrated in Figure 3.10a. The resulting deformation is illus-
trated in Figure 3.10b.
(a) Pure shear boundary condi-
tions as applied in Marc Mentat
(b) Resulting deformation of pure
shear
Figure 3.10: Pure shear boundary conditions and the resulting deformation
This case has applications in causing angular deformation. Multiple units
combined and oriented in the same direction would result in an angular ac-
tuator. Combining multiple actuators could result in curling actuators or
actuators with more complex behaviours.
3.5.4 Objective Functions
To enable the software pipeline to identify well-performing units according to
the given template deformation case, objective functions unique to each case
must be dened. If cases are added to the software pipeline, objective functions
must be added for them as well.
For the uniaxial elongation case, it is desired that the unit elongates while
its width remains constant. Two objective functions are identied. The objec-






CHAPTER 3. MATERIALS AND METHODS 38
Where:
 f is the objective function value.
 h is the height of the unit.
 w is the width of the unit.











 wt is the width of the template.
It is desired to maximize both of these functions.
For the biaxial elongation case, it is desired that the unit retains its shape
while enlarging. Retaining its shape implies that the height to width ratio
remains as close to 1 as possible and that the outer sides remain as straight
as possible. Two objective functions are identied. The objective function
dening the retention of the height to width ratio is:
f = |h− w| (3.11)




Hd (st,i, si) (3.12)
Where:
 st is the set of node coordinates of a side of the template.
 s is the set of node coordinates of a side of the unit.
 Hd (X, Y ) is the Hausdor distance as dened in Section 2.6.
It is desired to minimize both of these functions.
An objective function regarding the enlargement is not dened. The same
pressure is applied to all units regardless of the number of elements removed.
Units with more elements removed have more edge loads applied. Each edge
load is a pressure load of the same magnitude. Elements with more internal
edges will have higher total pressures applied and will enlarge more. This
would be an unfair objective function compared to the other two selected
objective functions. A unit with all internal elements removed may enlarge by
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a signicant factor while another element retains its shape better. The empty
unit may rank higher due to a singular high tness value.
For the pure shear case, it is desired that the top left and right corners
shift horizontally to the right with respect to the bottom left and right corners
respectively. Three objective functions are identied. The objective functions
dening the rightward shift of the top corners are dened as:
f = xtl − xbl (3.13)
And:
f = xtr − xbr (3.14)
Where:
 xtl is the x-coordinate of the top left corner.
 xbl is the x-coordinate of the bottom left corner.
 xtr is the x-coordinate of the top right corner.
 xbr is the x-coordinate of the bottom right corner.











 ht is the height of the template.
It is desired to maximize all three of these functions.
3.6 Model Validation
Validation of the FEM models is preferable in order to verify the accuracy
of the experimentally obtained Ogden material model parameters and justify
the code pipeline's identication of better-performing units. An experimental
setup is designed and constructed to validate the FEM models.
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3.6.1 Physical Components
A modular mould is designed for the casting of multiple units. Modularity is
desirable as all units are derived from a single template, but individual units
may vary greatly. Manufacturing times, costs, and complexity would be too
high if a mould had to be constructed for every unit that was desired to be
tested.
The modular mould consists of a mould frame and two types of mould
cells. The mould frame is square with dimensions indicated in Figure 3.11.
The cells are square with thicknesses of either 2mm or 4mm, as illustrated in
Figure 3.12. The mould frame is placed on a smooth, level granite tabletop.
The mould cells are arranged within the frame according to the layout of the
unit to be cast. 2mm cells are placed where elements exist according to the unit
layout. 4mm cells are placed where elements have been removed. Figure 3.13
illustrates an example unit layout and the arrangement of the mould before
the material has been cast.
Figure 3.11: Dimensioned modular mould base
(a) Small mould cell (b) Large mould cell
Figure 3.12: Dimensioned mould cells
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(a) Example FEM model (b) Empty modular mould
Figure 3.13: Example unit grid_57_292a241d90d8d6b4753d110deca32360 FEM
model and corresponding empty mould layout
The experimental setup is comprised of two perspex plates separated by 4
2mm thick washers kept in place by 4 screws, bolts, and footpieces on a level
surface. The bottom perspex plate has a hole in its centre with a pressure
supply tube attached to it. Figure 3.14 illustrates the experimental setup.
A camera is axed to a tripod, positioned over the experimental setup and
aimed directly downward at it.
Figure 3.14: Experimental setup model
Perspex is selected as the testing surface for various reasons. It has a low
frictional coecient, decreasing the eects of friction on the experiment. It
is transparent, allowing for the eects of the applied internal pressure to be
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viewed and recorded. It is durable enough at the thickness used to resist the
internal pressures applied and be manufacturable. It is exible enough to allow
for some deformation without breaking while not deforming due to the internal
pressure.
3.6.2 Experimental Procedure
The material is cast in the mould after having been prepared as outlined
in Section 3.1.3. The physical unit is removed from the mould once it has
set completely. The mould may then be rearranged according to a new unit
conguration after having been appropriately cleaned.
The FEM models applied a linearly ramping internal pressure to the units.
The internal pressure was only applied to a predetermined maximum value.
The experimental setup will replicate applied pressures at specic points along
the ramp and potentially beyond the maximum simulated pressure.
The experimental setup is put in place with the top perspex plate and bolts
having not yet been placed. The surfaces of the perspex plates which will come
into contact with the physical unit are lubricated with a silicon-based spray.
The spray will react with the physical unit over time, causing it to degrade.
Tests must be done in a timely manner to prevent the eects of the spray from
impacting results.
The physical unit is placed on the bottom plate with its cavity positioned
over the pressure inlet hole. The top plate is axed to the bottom plate
separated by the 2mm washers. The camera is switched on and placed into
focus. The pressure valve is slowly opened to desirable pressure intervals.
At each interval, photographs are taken of the deformation and the pressure
applied is noted.
3.7 System Energy
Constraint energy and internal energy are dened as performance and com-
parative measures when investigating results. Eciency is a desirable quality
in manufacturing and performance. Reducing the amount of energy that is
required for deformation, is applied to materials, and exists as strain energy is
sensible.
3.7.1 Constraint Energy
The deformation of the boundary of a unit is an important aspect of the
unit. Unit boundary deformations, as related to the deformation case, are
an indicator of the applicability of the unit. Inspecting the energy on the
boundary as related to the deformation may be an indication of the relative
performance of the unit.
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Units are simulated within the context of neighbouring units. Neighbouring
units exert forces on the boundary of the central evaluated unit. The less force
exerted by neighbouring units onto each other, the easier units will expand.
Considering the desired energy quantity, boundary deformation, and reac-






 EC is the constraint energy of the system.
 n_e is the list of external node indices.
 di is the node displacement.
 Fr,i is the node reaction force.
di and Fr,i are obtained from simulation results les.
3.7.2 Internal Energy
High strain energy density implies high amounts of energy stored within a
non-linear material, which in turn implies high forces acting on the unit or
large deformations. A low strain energy density may be indicative of a unit






 EI is the internal energy of the system.
 n_n is the total number of nodes.
 Ui is the node strain energy.
Ui is obtained from simulation results les.
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3.8 Software Selection
The Finite Element Method (FEM) is an approach to numerically solving eld
problems. Field problems require the determination of one or more dependent
variables' distribution in space. Field problems are mathematically described
with dierential equations or integral expressions. Finite elements can be
expressed as small parts of a larger body. A eld quantity within an element
may only have a simple spatial variation, such as being described by polynomial
terms no higher than the second order. FEM diers from calculus as calculus
uses innitesimal elements. FEM thus delivers approximate solutions. (Cook
et al., 2002)
Several commercial FEM software packages capable of realistically mod-
elling soft bodies are available. LSDyna is a FEM software package widely
used in the industry. It is owned by ANSYS and maintained by LSTC. The
software's code is based on highly non-linear and transient dynamic FEM
with explicit time integration (LSTC). Siemens NX 12 is an integrated soft-
ware package capable of performing FEM analysis. The software package has
a user-friendly interface for the graphical design of components (Siemens).
MSC.Marc Mentat is a pre- and postprocessing software for the MSC.Marc
FEM solver. It is focused on nonlinear material modelling and analysis. It has
an extensive set of options available for post-processing (MSC, 2003).
MSC.Marc Mentat 2019 is selected for this project. Marc Mentat is actively
maintained and updated. Tutorials and reference manuals are built into the
software. Support is available if issues are encountered or for any other reason.
Limitations include the necessity of having continuous access to a license server.
An ocial VPN conguration as well as remote desktop tools allowed for access
to the software as long as a network connection could be established.
Python 3.6 is used to construct a modelling pipeline. Packages are avail-
able that allow for the integration of Python and Marc. Many advanced nu-
merical analysis packages are also available for Python. The Python code is
accessible, installable, and editable. The Python code is available at: https:
//github.com/NaudeConradie/evolve_soft_2d. Comments indicate where
adaptations or alterations may be made in order to implement new analy-
sis methods, unit generation methods, unit deformation cases and objective
functions.
3.9 Software Pipeline
The software pipeline is complex, and many components are interrelated. De-
tails considered trivial or irrelevant are not discussed. The entirety of the code
is available to the reader if they would wish to investigate or make use of it.
The code is extensively commented on for any clarication needed.
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3.9.1 Initialization
Before a set of units is created, the user needs to specify certain parameters
for the template, analysis approach and unit generation method. These pa-
rameters are variables dened in the main Python le. Their values may be
adjusted to any of the desired prerequisite values. The main le may then be
run.
Template parameters that need to be specied are outlined in Table 3.10.
Prerequisites for the parameters are included where applicable.
Table 3.10: Template class object initialization parameters and prerequisites
Parameter Description Prerequisite
case The template case identier 1, 2, 3
x_e












The number of elements reserved
for the unit boundary width
> 0, int
ogd_mat






The number of analysis steps in
1 s of analysis
> 0, int
table_name
The name of the function applied
to the template
str
d_mag The applied displacement in mm
p_mag
The applied internal pressure in
MPa
The template case identier refers to the unit deformation cases in order
as outlined in Section 3.5. Additional unit deformation cases may be dened
by adding the appropriate code, as well as additional Ogden material models.
Three Ogden material models have been included as objects in the code with
the properties outlined in Table 3.1. They may be selected by dening the
ogd_mat variable's value as any of the names given in Table 3.10.
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A unit boundary is always included. The unit boundary is a layer of ele-
ments along the side of the unit which are not allowed to be removed by the
unit generation process. The unit boundary ensures that the internal geometry
remains enclosed to allow for ination. The unit boundary also ensures that
units will always be capable of being packed into a grid alongside one another.
The name of the function applied to the template is a simple string label
to identify the graph type applied to the deformation and internal pressure
boundary conditions. The graph may be modied from the currently im-
plemented ramp input to any graphical function by editing the Python code
appropriately.
Analysis approach parameters that need to be specied are outlined in
Table 3.11. Prerequisites for the parameters are included where applicable.
Table 3.11: Analysis approach initialization parameters and prerequisites
Parameter Description Prerequisite
a_meth The analysis approach method m, g
g_meth The unit generation method r, l, c
n_u The number of units to generate > 0, int
The analysis approach method is specied by a single character. An "m"
indicates the Monte Carlo method should be used. A "g" indicates the evo-
lutionary algorithm method should be used. The unit generation method is
specied by a single character. An "r" indicates random unit generation should
be used. An "l" indicates L-Systems should be used. A "c" indicates CPPNs
should be used. Additional analysis approach methods and unit generation
methods may be dened by adding the appropriate code.
The number of units to generate applies to the entire Monte Carlo method,
or a single generation's population if the evolutionary algorithm is used.
3.9.2 Template Creation
The user-specied template parameters are used to dene a template class
object. The template class object calculates more parameters used in the
construction of the template. The relevant calculated parameters are outlined
in Table 3.12.
The list of internal element IDs refers to the elements contained within the
boundary of the unit. Only these elements are allowed to be removed by the
unit generation method. The IDs are obtained by an internal function.
The template ID is a formatted string. The ID is generated using unique
template class object parameters. The ID is formatted as:
grid_<case>_<x_e>x<y_e>_<x_s>x<y_s>
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Table 3.12: Template class object internally calculated parameters
Variable Description \textbf{Formula}
x_s
The side length of the template
in mm in the x-direction
e_s× x_e
y_s
The side length of the template
in mm in the y-direction
e_s× y_e
x_n
















The list of internal element IDs
that are allowed to be removed
Function
n_external The list of external node IDs Function
t_id The template ID Function
grid A representative grid of ones Function
fp_t The le paths of all relevant les Function
A grid of ones is generated to represent the template in coordinate cal-
culations. The grid is generated according to the element resolution of the
template. Ones are representative of elements in place. When elements are
removed during unit generation, they are replaced with zeroes.
The le paths are generated for all relevant les. The template ID is used
as the base name of every le. Additional identiers and le formats are
appended as necessary. A more detailed description of the le management
system may be found in Section 3.9.7.
The template is created in Marc Mentat. The nodes are created starting
at the global origin on the XY-plane. The nodes are incrementally added in
the positive x-direction. The nodes are spaced apart as dened by e_s. Once
a row of nodes is completed as dened by x_n, the y-coordinate is positively
incremented as dened by e_s. A new row of nodes is created. This process
is repeated until completed as dened by y_n.
Four nodes are used to make square 2D elements. Starting at the global
origin, elements are incrementally added in the x-direction until completed as
dened by x_e. All rows are added until completed as dened by y_e.
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 3. MATERIALS AND METHODS 48
The graph used to apply the boundary conditions is dened. The bound-
ary conditions are applied according to the case identier. The boundary
conditions related to each case are detailed in Section 3.5.
Mechanical planar strain geometric properties are added to all elements.
The Ogden material model for Mold-Star 15 is applied to all elements. A single
contact body is dened containing all elements. The loadcase containing the
xed and forced displacement boundary conditions is created. The job for the
loadcase is created.
The template is saved at this point. All units created during a simulation
are built from this template. The template job is run and its success evaluated.
The process of running a simulation and evaluating its success is outlined in
Section 3.9.4.
The template model is saved again. Meaningful template parameters and
data obtained from the template is written in a human-readable manner to a
log le. The template class object is saved to a le that can be accessed later.
3.9.3 Unit and Population Generation
Unit generation refers to the process of automatically generating the internal
geometry of a unit based on the predened template. Three methods of unit
generation are implemented and investigated. All three methods provide a list
of internal element IDs provided to MarcMentat as elements to be removed
from the template le.
Random generation is implemented as a baseline to compare with the other
two unit generation methods. A random generation seed is used to allow for
replicability. A number of elements to be removed is rst selected. A list of
unique internal element IDs is then selected and sorted.
L-Systems and CPPNs as outlined in Sections 3.2.1 and 3.2.2 respectively
are also available for unit generation. A list of maximum and minimum pa-
rameter values is dened. The parameter values are appropriate to the unit
generation method specied. The dierent parameters, ranges and motivations
are outlined in Table 3.13. The range values are inclusive.
A population of units is generated according to the specied unit generation
method. Each population member is a list of parameters within the bounds
specied in Table 3.13. If the unit generation method is random, the two
parameters are used to generate a list of elements to be removed directly.
If the unit generation method is specied as L-Systems, the parameters
are used to generate a random L-System class object. Specied and internally
generated L-System class object parameters are outlined in Table 3.14.
The L-System word is interpreted to obtain a list of elements to be removed.
L-System word characters are interpreted according to Tables 3.3 and 3.4.
The interpretation is done from the rst character in the word to the last.
The interpretation results in a set of coordinates centred around (0, 0). The
coordinates are shifted from being centred around the origin to being centred
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The seed is limited to the number of






The complete range of elements which





The seed is limited to the number of




The complete list of axioms is included
Number of rules 1
Number of
L-System variables
At least one rule is required for a valid
L-System, and the number of rules is
limited to the number of L-System variables
Rule length 2 5
A rule must be longer than one character,




At least one iteration must be applied for a






The seed is limited to the number of units
requested by the simulation
Model ID 1 N/A Potential complexity is limited




At least two layers are required to have a
valid network, and potential complexity is
limited






The complete range of elements which
may potentially be removed is included
around the central element of the unit. All coordinates outside of the internal
space of the unit are dropped. The remaining coordinates are interpreted as
element indices. These element indices are compared to the list of all internal
element indices to obtain the list of elements to be removed.
If the unit generation method is specied as CPPNs, the parameters are
used to generate a random CPPN class object. Relevant CPPN class object
parameters are outlined in Table 3.15. The CPPN is set to generate the
maximum number of models specied by the parameter. A CPPN model
class object is dened with the model ID specied by the current parameters.
CPPN model class object parameters are outlined in Table 3.16.
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Table 3.14: L-System class object parameters and descriptions
Parameter Description
seed The random generation seed used to generate the L-System
vocab The L-System vocabulary
gramm The L-System grammar
axiom The initial axiom of the L-System
n The number of iterations to apply to the L-System
word The resulting word of the L-System
Table 3.15: CPPN class object parameters and descriptions
Parameter Description
seed The random generation seed used to generate the CPPN
mod_n The number of models to be generated by the CPPN
scale The scale of the focus on the model
hl_n The number of hidden layers in the network
hl_s The size of the initial hidden layer
thresh The rounding or element removal threshold
x The number of elements in the x-direction
y The number of elements in the y-direction
res The resolution of the resulting models
grid The resulting models
Table 3.16: CPPN model class object parameters and descriptions
Parameter Description
cppn The CPPN class object containing all dened models
mod_id The ID of the CPPN model
grid The binary model
The threshold parameter allows for two approaches to the removal of ele-
ments. The CPPN outputs 2D arrays of values ranging from 0 to 1. If the
threshold parameter is set from 0 to 1, it is interpreted as a rounding threshold.
All values above or equal to the threshold are set to 1 and all values below or
equal to the threshold are set to 0. If the threshold parameter is set above 1 to
100, it is interpreted as a percentage of elements to remove. The lowest values
making up the specied percentage of all values are set to 0 and the rest of
the values are set to 1.
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The resulting grid from the CPPN model class object is a binary 2D grid
dimensioned according to the internal space from which elements may be re-
moved. The binary 2D grid is interpreted to obtain element indices for every
zero. This list of element indices is the list of elements to be removed.
Each list of elements to be removed is paired with its unit generation
method class object or list of parameters. Each pair is added to the pop-
ulation list. For each population member, the template is opened and the
relevant elements are removed. Further settings are applied as outlined in
Section 3.4.2.
It was observed during initial testing that many units generated with L-
Systems had either all or no internal elements removed. Two units, one with
all elements removed and one with no elements removed, are generated and
evaluated before a population is generated. If any population member is de-
tected to have all or no internal elements removed, it is not evaluated again.
Results from the relevant initial units generated are attributed to it. This
reduces the overall runtime of the simulations.
3.9.4 Running a Job
The command to run the job is sent to Marc Mentat. Jobs may take anywhere
from 0.01 s to 300 s to complete. This depends on the complexity of the model
and the number of cut-backs during calculation required to accurately solve
for the model behaviour.
Marc Mentat creates several les during the process of running a job. The
log le species the exit condition of the job. The log le is not created at the
start of the job.
A model is always saved just before a job is run. The timestamp of this
saved model is used for the evaluation of the log le. It is rst determined
if the log le exists. If it does not exist, the code waits for 1 second before
checking again. This repeats until the log le is found to exist. If the log le is
found, its timestamp is compared to the model le's timestamp. If the log le
is older than the model, i.e. it is a log le of a previous run of the model, the
code waits 1 second before checking if it has been updated. If the log le is
newer than the model, it is inspected for the exit number string or the access
violation string.
If the exit number string is found, the exit number is evaluated. Two exit
numbers and an error case are identied and dened in Table 3.17.
If exit number 3004 is found, the model is recognized as having run success-
fully. The model output le is opened. All relevant data is read from the model
output le and written to clearly labeled CSV les. Any relevant data that
must be calculated externally from Marc Mentat is calculated and also written
to clearly labeled CSV les. Relevant data is outlined in Section 3.7. If exit
number 67 is found, the job is rerun and the entire process as detailed above
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Table 3.17: Marc Mentat exit number descriptions
Exit Number Description
3004 A successful run
67 A license server connection timeout or failure
Other An unsuccessful run
is repeated until the exit number can be rerun again. If an access violation
string is found, it is treated identically to exit number 67.
If any other exit number is found, an error message with the number is
displayed. No results are obtained from the model. The model ID is logged
appropriately.
The model is saved and the template model is reopened. The code continues
on to the next model.
3.9.5 Analysis Approach
If the analysis approach was specied as the Monte Carlo method, a single
population of units is generated and ranked. Further evaluation of unit per-
formance may be carried out by manual inspection.
If the analysis approach was specied as evolutionary algorithms, multiple
populations of units are generated, ranked, and evolved using the evolutionary
algorithm outlined in Section 3.3.2.
3.9.6 Ranking
Unit objective function evaluations, or performance measures, are weighted







 f is the tness value.
 x is the performance measure.
 mean is the mean of all units' performance measures.
 std is the standard deviation of all units' performance measures.
All tness values applicable to a unit are summed together. Units are
ranked in either descending or ascending order, depending on whether objective
functions were desired to be maximized or minimized respectively.
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A list of the ranked population members is generated. All empty or full
units are inserted in the list at the position occupied by the initially generated
empty or full units. All failed units are appended to the end of the list.
3.9.7 File Management
A massive amount of FEM and log les are generated by the software pipeline.
A single successful FEM model simulation results in ve les being generated
by Marc Mentat. An additional log le is generated by the Python code.
Thousands of units may be generated during a simulation. Multiple log and
graph les are generated for every population.
File names and paths are necessarily generated by the Python code. A
hierarchical le naming system was set up to generate unique le names and
paths. The le naming system eciently sorts les according to the template
parameters, unit parameters, and time of the simulation. The le naming
system generates unique names for every unit generated based on the unit pa-
rameters. Files are easily sorted through manually by a user looking to inspect
a specic unit, or by the code attempting to access it. Desired alterations to
the default le path need only be made once because of the hierarchical nature
of the system and the implemented code methodology.































4Figure 3.15: File hierarchy ow diagram
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Table 3.18: File hierarchy parameters and descriptions
Parameter Description
tm The timestamp of the simulation formatted as a string
t_id The template ID
u_id The unit ID
j_id The job ID
Results The type of simulation results stored
Type The type of units logged
The template ID is described in Section 3.9.2. The job ID refers to one of
two jobs. The rst job applies the unit deformation boundary conditions as
described in Section 3.5. The second job applies the internal pressure boundary
conditions as described in Section 3.4.2.
The unit ID is determined by the unit generation method. All unit IDs start
with the number of elements removed followed by an underscore. If the unit
generation method is random, a unique hash code is generated according to
the list of element IDs that have been removed. If the unit generation method
is an L-System, a unique hash code is generated according to the L-System
rules. If the unit generation method is a CPPN, the unit ID is formatted as:
<mod_id>_<seed>_<scale>_<hl_n>_<hl_s>_<thresh>
The type of units logged in the log les are one of six possible types:
 No Type - All units.
 success - All units that have run successfully.
 failed - All units that have run unsuccessfully.
 empty - All units that have no internal elements.
 full - All units that have all internal elements.




This chapter illustrates results obtained from sample simulations of large pop-
ulations of units according to the outlined unit generation methods in Sec-
tion 3.9.3 and the analytical approaches outlined in Section 3.9.5. The software
pipeline described in Section 3.9 was used to generate the units and obtain the
results.
4.1 Monte Carlo Analysis
Table 4.1 contains the default parameter values. Unless specied otherwise,
parameters were set to the values in Table 4.1.














4.1.1 Random Unit Generation
Parameter ranges are outlined in Table 4.2.
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Table 4.2: Random unit generation parameters for a Monte Carlo analysis
Parameter Minimum Maximum
Seed 1 1000
Number of elements removed 0 81
4.1.2 L-System Unit Generation
Parameter ranges are outlined in Table 4.3.
Table 4.3: L-System unit generation parameters for a Monte Carlo analysis
Parameter Minimum Maximum
Seed 1 1000
Axiom ID 1 12
Number of rules 1 4
Rule length 2 5
Number of iterations 1 5
Figure 4.1 contains box-and-whisker plots relating L-System parameters
to the system energies. The axiom IDs have no massive outliers with regard
to their relationship with the system energies. The number of rules and iter-
ations have a somewhat inverse relationship with the system energies. This
relationship is more evident with the internal energy.
Larger numbers of rules and iterations lead to more variables being re-
placed. More variables being replaced leads to longer words to be interpreted.
Longer words would allow for larger pattern interpretations, which would in-
clude large patterns with few central elements. This would result in more
units with large empty spaces. Larger emptier units usually have lower system
energies.
Figure 4.2 contains scatter plots relating the average length to the system
energies. The average rule length in characters is used and not the number of
rule components used in the rule generation. There is no strong relationship
between the average rule length and the system energies.
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(a) Axiom ID vs constraint energy (b) Axiom ID vs internal energy
(c) Number of rules vs constraint en-
ergy
(d) Number of rules vs internal energy
(e) Number of iterations vs constraint
energy
(f) Number of iterations vs internal
energy
Figure 4.1: L-System parameters vs constraint and internal energy (mJ) box-and-
whisker plots
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(a) Rule length vs constraint energy (b) Rule length vs internal energy
Figure 4.2: Average rule length vs constraint and internal energy (mJ) scatter plots
4.1.3 CPPN Unit Generation
Parameter ranges are outlined in Table 4.4.
Table 4.4: CPPN unit generation parameters for a Monte Carlo analysis
Parameter Minimum Maximum
Seed 1 1000
Model ID 1 N/A
Scale 1 N/A
Number of hidden layers 2 10
Size of the initial hidden layer 2 32
Element removal threshold 0 100
Figure 4.3 contains box-and-whisker plots relating the number of hidden
layers to the system energies. The number of hidden layers has no discernible
relationship with the system energies. Figure 4.4 contains scatter plots relating
the size of the initial hidden layer to the system energies. There is no strong
relationship between the size of the initial hidden layer and the system energies.
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(a) Number of hidden layers vs con-
straint energy
(b) Number of hidden layers vs inter-
nal energy
Figure 4.3: Number of hidden layers vs constraint and internal energy (mJ) box-
and-whisker plots
(a) Size of the initial hidden layer vs
constraint energy
(b) Size of the initial hidden layer vs
internal energy
Figure 4.4: Size of the initial hidden layer vs constraint and internal energy (mJ)
scatter plots
4.1.4 Comparison
The distribution of the constraint and internal energies for the three unit
generation methods is compared in Figure 4.5.
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(a) Constraint energy distribution of
random generation
(b) Internal energy distribution of
random generation
(c) Constraint energy distribution of
L-Systems
(d) Internal energy distribution of L-
Systems
(e) Constraint energy distribution of
CPPNs
(f) Internal energy distribution of
CPPNs
Figure 4.5: Constraint and internal energy distribution comparison between ran-
dom, L-System and CPPN unit generation
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 4. RESULTS 62
The system energy distribution is consistent across all unit generation
methods. The L-System and CPPN unit generation methods are capable of
adequately exploring the design space.
The large spike in constraint energy at 0.7mJ and internal energy at 0.5mJ
is attributed to the large number of empty units produced during population
generation. Free-oating elements are discarded as they are considered not
manufacturable and will have no eect on the deformation. In the case of
L-Systems and random generation methods, a large number of the population
have many free-oating elements. With regards to the L-Systems, this is at-
tributed to word interpretations either too small to reach the unit boundary, or
interpretations so large that they exist entirely outside of the unit boundary.
With regards to the random generation, this is because no patterns linking
elements exist. This feature is noticeably smaller in the case of CPPNs. This
is attributed to the fact that CPPNs generate consistent patterns at the spec-
ied resolution of the unit's internal space. They are less likely to produce
patterns where many elements are discarded.
The relationship between the number of elements removed and the system
energies for the three unit generation methods is compared in Figure 4.6. A
best-t straight line curve is indicated on Figure 4.6 for each graph. The unit
generation methods occupy a similar design space as the random generation.
As the number of elements is removed, the system energies tend to increase.
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(a) Number of elements removed vs
constraint energy of random genera-
tion
(b) Number of elements removed vs
internal energy of random generation
(c) Number of elements removed vs
constraint energy of L-Systems
(d) Number of elements removed vs
internal energy of L-Systems
(e) Number of elements removed vs
constraint energy of CPPNs
(f) Number of elements removed vs
internal energy of CPPNs
Figure 4.6: The number of elements removed vs the constraint and internal energy
comparison between random, L-System and CPPN unit generation
4.2 Scale Invariance
Scale invariance in the context of this project refers to the capability of gener-
ated units to exhibit similar behaviours at diering resolutions and dimensions.
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Unit layouts are dened with simple, ecient and adaptable encodings.
4.2.1 Single Units
Unit resolution may be decreased or increased while maintaining the same unit
generation encoding. A lower bound exists beyond which units will no longer
exhibit similar behaviour to the same unit at higher resolutions.
4.2.1.1 L-Systems
L-Systems have the potential to be scale invariant with an increase in unit size
and resolution. L-Systems are constructed on the principle of recursiveness.
As unit resolution increases, L-System iterations may be increased. Longer
words will result which will be interpreted as larger patterns. Patterns will
have similar but not identical layouts. Figure 4.7 illustrates a simple L-System
described in Table 4.5 interpreted at increasing iteration numbers.
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(a) 2 iterations (b) 3 iterations (c) 4 iterations
(d) 5 iterations (e) 6 iterations (f) 8 iterations
Figure 4.7: Example L-System from Table 4.5 interpretation for dierent iteration
values. L-System interpretation is centred around (0, 0) and is unbounded. Included
elements are solid black squares and removed elements are empty white squares.
The example L-System shape only becomes consistent from 5 iterations
onwards. At lower iterations, it is not clear what the L-System behaviour may
be. L-Systems must be inspected on a case-by-case basis to determine from
which number of iterations they become scale-invariant.
4.2.1.2 CPPNs
CPPNs are inherently scale invariant. The CPPN resolution is dened as an
initial parameter. Increasing the resolution renes the model produced by the
CPPN. Figure 4.8 illustrates an example CPPN at diering resolutions dened
according to parameters outlined in Table 4.6.
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Table 4.6: Example CPPN parameters
Parameter Value
Seed 29
Number of models 29
Scale 2
Number of hidden layers 11
Size of the initial hidden layer 23
Threshold (%) 42
Model ID 29
(a) 15× 15 (b) 20× 20
(c) 25× 25 (d) 30× 30
Figure 4.8: Example CPPN from Table 4.6 interpretation at dierent resolutions.
Included elements are solid black squares and removed elements are empty white
squares.
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4.2.2 Unit Grids
Units are modelled in a 5 × 5 unit arrangement. Unit behaviour is analyzed
in this context. Results regarding system energies are obtained from these
simulations. Unit deformation is impacted by the surrounding identical units.
Unit deformation may be assumed to be consistent with sucient numbers
of surrounding units. Internal units display consistent behaviour, with only
external units displaying major ballooning eects. Figure 4.9 illustrates an
example unit conguration with internal pressure applied.
Figure 4.9: 5× 5 FEM unit grid conguration deforming under internal pressure.




Physical replicas of selected units are constructed and inated. The deforma-
tion is observed and compared with the modelled behaviour as calculated by
the FEM software.
5.1 FEM
Units were modelled and manufactured with 1 cm×1 cm sized elements. Only
a single unit was manufactured at a time. Constructing a 5 × 5 grid of the
unit is impractical at the current scale. FEM models selected for model val-
idation were adjusted accordingly. Surrounding units were removed. A xed
displacement boundary condition was applied to the bottom left node of the
unit.
5.2 Mixing and Casting
The modular mould as described in Section 3.6.1 is assembled according to
the desired unit layout. Mold Star 15 is mixed and cast as per Section 3.1.3.
Figure 5.1 shows a lled mould. After the cure time has passed, the unit is
removed from the mould and excess material is carefully cut o.
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Figure 5.1: A unit mould lled with Mold Star 15 before it has cured. Excess
material that has been removed is visible around the mould.
5.3 Experimental Setup
The experimental setup as described in Section 3.6.1 is constructed. Figure 5.2
shows the experimental setup with no unit in place.
Figure 5.2: The experimental setup with no unit in place and the pressure hose
unconnected
The pressure hose is inserted into the hole in the bottom plate. A sealant
is applied to prevent air leakage at the point of entry of the pressure hose.
5.4 Results
Three units were selected for model validation.
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5.4.1 Unit 1
The rst unit selected is grid_36_d68df4e04590e068b46c0e75dcdf5818. This
unit was selected as a random control unit. This unit does not perform well
according to any specic unit deformation case. This unit has complex in-
ternal geometry that may deform in unusual ways. Cavities exist which are
potentially inaccessible from the undeformed state, but become accessible as
the unit inates. An additional cavity exists which is not accessible with the
experimental setup. This was replicated in the FEM model. The FEM model
with boundary conditions is illustrated in Figure 5.3a. The physical model is
illustrated in Figure 5.3b.
(a) FEM validation model with applied
boundary conditions
(b) Physical validation model
Figure 5.3: grid_36_d68df4e04590e068b46c0e75dcdf5818 FEM and physical vali-
dation models
Figure 5.4 shows comparisons between the FEM model and the physical
model as the internal pressure is increased. Figure 5.5 illustrates an overlay of
the FEM model deformation with the physical model's deformation. The FEM
deformation is taken from step 2 of the simulation. The physical deformation
is the nal deformation.
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(a) FEM model deformation as internal pressure is increased. Steps 0-5 of the
simulation are shown from left to right.
(b) Physical model deformation as internal pressure is increased
Figure 5.4: Comparison between the deformation of the FEM model and physical
model of grid_36_d68df4e04590e068b46c0e75dcdf5818 as the internal pressure is
increased
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Figure 5.5: grid_36_d68df4e04590e068b46c0e75dcdf5818 physical model overlayed
with FEM model at step 2 of simulation
5.4.2 Unit 2
The second unit selected is grid_57_292a241d90d8d6b4753d110deca32360.
This unit was selected as a linearly extending unit. This unit performs well ac-
cording to the uniaxial deformation case. Cavities exist which are potentially
inaccessible from the undeformed state, but become accessible as the unit in-
ates. The FEM model with boundary conditions is illustrated in Figure 5.6a.
The physical model is illustrated in Figure 5.6b.
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(a) FEM validation model with applied
boundary conditions
(b) Physical validation model
Figure 5.6: grid_57_292a241d90d8d6b4753d110deca32360 FEM and physical val-
idation models
Figure 5.7 shows comparisons between the FEM model and the physical
model as the internal pressure is increased. Figure 5.8 illustrates an overlay of
the FEM model deformation with the physical model's deformation. The FEM
deformation is taken from step 3 of the simulation. The physical deformation
is the nal deformation.
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(a) FEM model deformation as internal pressure is increased. Steps 0-5 of the
simulation are shown from left to right.
(b) Physical model deformation as internal pressure is increased
Figure 5.7: Comparison between the deformation of the FEM model and physical
model of grid_57_292a241d90d8d6b4753d110deca32360 as the internal pressure is
increased
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Figure 5.8: grid_57_292a241d90d8d6b4753d110deca32360 physical model over-
layed with FEM model at step 4 of simulation
5.4.3 Unit 3
The third unit selected is grid_50_9a02e87afe77b71561f73745d87b35bd. This
unit was selected as a linearly extending unit. This unit performs well accord-
ing to the uniaxial deformation case when surrounded by identical units, but
performs poorly when on its own. The FEM model with boundary conditions
is illustrated in Figure 5.9a. The physical model is illustrated in Figure 5.9b.
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(a) FEM validation model with applied
boundary conditions
(b) Physical validation model
Figure 5.9: grid_57_292a241d90d8d6b4753d110deca32360 FEM and physical val-
idation models
Figure 5.10 shows comparisons between the FEM model and the physical
model as the internal pressure is increased. Figure 5.11 illustrates an overlay of
the FEM model deformation with the physical model's deformation. The FEM
deformation is taken from step 2 of the simulation. The physical deformation
is the nal deformation.
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(a) FEM model deformation as internal pressure is increased. Steps 0-5 of the
simulation are shown from left to right.
(b) Physical model deformation as internal pressure is increased
Figure 5.10: Comparison between the deformation of the FEM model and physical
model of grid_50_9a02e87afe77b71561f73745d87b35bd as the internal pressure is
increased
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Figure 5.11: grid_50_9a02e87afe77b71561f73745d87b35bd physical model over-
layed with FEM model at step 2 of simulation
Similarity between the FEM model deformations and the physical model
deformations was further investigated using shape matching. Silhouettes of
both model deformations were extracted and scaled to identical image sizes.
Figure 5.12 shows the silhouettes of unit_57_292a241d90d8d6b4753d110deca32360.
The OpenCV Python package's cv2.shapeMatch function was used to compare
the similarity of the physical model deformation to the FEM model defor-
mation. The function delivers a score between 0 and 1. Lower scores indicate
higher similarity. Table 5.1 indicates the similarity scores for all three example
units. All three achieved very low scores, indicating high similarity.
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(a) FEM model deformation silhou-
ette of step 2
(b) Physical model deformation sil-
houette of the nal step
Figure 5.12: Comparison between the deformation silhouettes of the FEM model
and physical model of grid_57_292a241d90d8d6b4753d110deca32360 as the internal
pressure is increased







The deformed geometries of the simulated units are extracted at every timestep
and compared with the nearest equivalent experimental deformed geometries.
The simulation results and experimental data were recorded independently.
It was not possible to ensure a direct correspondence in internal pressures.
Considering this limitation, a subjective comparison is made for cases with
comparable pressures. This should not be considered a validation. It is indica-
tive that the simulated and experimental behaviour corresponds.
The FEM models were predictive of the behaviour of the physical units.
The complex internal geometries behaved as expected, with minor dierences.
The unit outlines closely matched the predicted outlines. The FEM models
may be considered accurate predictions of the physical models. The material
models as obtained by Ellis (2020) may be considered accurate as well.
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5.6 Issues, Discrepancies, and Solutions
Some issues were encountered during model validation. Some were attempted
to account for beforehand and some were unforeseen.
Mould cells were not manufactured exactly to tolerances. Several small and
large mould cells were sanded by hand to remove rough edges or protrusions
and to reduce their overall size. Several mould cells had uneven sides due
to manufacturing or sanding. Material seeped into gaps between mould cells
during casting. The bottom of the unit had excess material where the cast
material had seeped into gaps. Excess material was carefully removed by hand
but the surface was not perfectly smooth. Mould cells were laser cut. Having
mould cells machined may be more costly but could result in higher quality
mould cells.
Units placed between the perspex plates did not seal the internal area
completely. Under higher pressures, air escaped by deforming the unit up or
down against the perspex plates and escaping past the unit boundary. Clamps
were applied to the edges of the perspex plates to seal the material better.
Clamps may be a necessary permanent component of the experimental setup.
The silicon-based lubricant did not decrease the friction as much as was
desired. A signicant amount of force was required to move or deform the
units even when only one side was in contact with the perspex. Clamping the
sides of the perspex also increased the frictional resistance, as the unit was
more compressed between the two plates. It is advisable to adjust the clamp
strength accordingly so as to not clamp the unit too tightly.
The uneven side of the units in combination with the air leaking, clamping,
and high friction is assumed to account for the discrepancies between the





This project aimed to implement a scale-invariant generative design process
capable of suggesting replicable soft robotic actuator components based on
methods discussed in a review of existing literature.
A generative design pipeline was constructed. Soft units were designed by
software en masse according to specied unit generation methods. The units
generated are intended to verify the ability of the optimisation pipeline to
produce replicable solutions to given problems. The specic units generated
are not intended to be implemented as soft robots as is. Units generated
by the pipeline may be used as cells in the construction of larger soft robotic
actuators or bodies. Unit generation methods implemented pattern generation
approaches with elements of randomness. Units were scored against objective
functions and well-performing units could be isolated and inspected manually.
The design pipeline was designed with scalability and modularity in mind.
Unit generation methods are scalable to diering resolutions. Compacting
units into grids of varying sizes replicates behaviour of units at the individual
scale. The pipeline is easily modiable. New objective functions, unit genera-
tion methods, and analysis approaches are easily implementable. The pipeline
is accessible online to anyone.
Physical models replicating selected unit designs were manufactured. Phys-
ical model deformations were compared to predicted deformations and found
to be accurate.
The methodology employed in this project proved to be useful and eective
as a template for investigations of soft robotic design spaces. Its modularity
allows for future research to easily make use of it.
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6.2 Future Work
There is potential for improvements to be made to the software pipeline as
well as the physical model validation. Evolutionary algorithms may be tested
more extensively with alternate parameters. Larger simulations may be run
on more powerful machines in order to explore even more possible solutions.
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